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ABgTRACT 
\L E \) Automated t e c h n i q u e s  kaue-been developed  f o r  t h e  e x t r a c y i o n  
a n d  c h a r a c t e r i z a t i o n  o f  a b s o r p t i o n  f e a t u r e s  f rom 
f i e l d ,  
spectra. 
a n d  a b s o r p t i o n  b a n d  
e x p e r t  sys t em h a s 4 e e n  + i + c '  
d e s i g n e d ,  i m p l e m e n t e d ,  a n d  s u c c e s s f u l l y  t e s t e d  t o  a l l o w  
i d e n t i f i c a t i o n  of  m i n e r a l s  based on the  e x t r a c t e d  a b s o r p t i o d  band 
charac te r i s t ics .  AVIRIS s p e c t r a  f o r  a s i t e  i n  t h e  n o r t h e r n  
G r a p e v i n e  Mountains ,  Nevada, have been  c h a r a c t e r i z e d  a n d  t h e  
m i n e r a l s  s e r i c i t e  ( f i n e  g r a i n e d  muscovi te )  and d o l o m i t e  ha 
i d e n t i f i e d .  The m i n e r a l s  k a o l i n i t e ,  a l u n i t e ,  and  budd in  
;.& \ ' have been  &keet  .-&y i d e n t i f i e d  and mapped f o r  a s i t e  a t  C u p r i t e ,  
Nevada, u s i n g  t h e  f e a t u r e  e x t r a c t i o n  a l g o r i t h m s  on t h e  new 
G e o p h y s i c a l  a n d  E n v i r o n m e n t a l  Research 6 4  c h a n n e l  i m a g i n g  
s p e c t r o m e t e r  ( G E R I S )  d a t a .  The f e a t u r e  e x t r a c t i o n  r o u t i n e s  
( w r i t t e n  i n  FORTRAN and C)  h a v e ' b e e n  i n t e r f a c e d  t o  t h e  e x p e r t  
sys t em ( w r i t t e n  i n  PROLOG) t o  a l l o w  b o t h  e f f i c i e n t  p r o c e s s i n g  of  
numerical  da ta  and l o g i c a l  spectrum a n a l y s i s .  
INTRODUCTION 
A i r c r a f t  imaging s p e c t r o m e t e r s  measure l i g h t  ref lected from 
t h e  E a r t h ' s  s u r f a c e ,  u t i l i z i n g  many nar row c o n t i g u o u s  s p e c t r a l  
bands  t o  c o n s t r u c t  de t a i l ed  r e f l e c t a n c e  spectra f o r  m i l l i o n s  o f  
discrete p i c t u r e  e l emen t s  ( p i x e l s )  (Goetz and  o t h e r s ,  1985). One 
d i f f i c u l t y  c o n f r o n t i n g  researchers i s  t h a t  the  immense volume o f  
data c o l l e c t e d  by these systems p r o h i b i t  detai led manual a n a l y s i s .  
The o b j e c t i v e  of t h i s  work i s  t o  deve lop  automated t e c h n i q u e s  f o r  
a n a l y s i s  o f  imaging s p e c t r o m e t e r  data  t h a t  emula t e  t h e  a n a l y t i c a l  
p r o c e s s e s  used by a human o b s e r v e r .  These t e c h n i q u e s  must 
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e f f i c i e n t l y  use  ava i lab le  computing power t o  complete t h e  a n a l y s i s  
i n  a r easonab le  p e r i o d  of t i m e .  
FEATURE EXTRACTION 
Techniques f o r  e x t r a c t i o n  of spectral  f e a t u r e s  from f i e l d  and 
l a b o r a t o r y  r e f l e c t a n c e  spectra have been i n  u s e  f o r  several  y e a r s  
(Green and  Cra ig ,  1985; Kruse  and o t h e r s :  1986; Yamaguchi and  
Lyon, 1987; C l a r k  and  o t h e r s ,  1987) .  W e  are d e v e l o p i n g  computer  
au tomated  spec t ra l  f ea tu re  e x t r a c t i o n  a lgo r i thms  (implemented i n  
FORTRAN a n d  C )  t h a t  a l l o w  e x t r a c t i o n  a n d  s u b j e c t i v e  
c h a r a c t e r i z a t i o n  o f  l a b o r a t o r y ,  f i e l d ,  imaff inq  s p e c t r o  meter 
spectra (Kruse and o t h e r s ,  1986; Kruse,  1987, 1988a, 198813). The 
a b s o r p t i o n  f e a t u r e  i n f o r m a t i o n  i s  e x t r a c t e d  from each spec t rum 
u s i n g  t he  f o l l o w i n g  t e c h n i q u e s .  The computer r a p i d l y  i d e n t i f i e s  
maxima i n  t h e  spec t rum and  f i t s  a cont inuum o f  s t r a i g h t  l i n e  
segments  between these p o i n t s .  The continuum is  removed from t h e  
data u s i n g  d i v i s i o n .  The minima of  t h e  continuum-removed spectrum 
are de te rmined  and  the  1 0  s t r o n g e s t  f e a t u r e s  are  e x t r a c t e d .  The 
wavelength  p o s i t i o n ,  depth, f u l l  width a t  ha l f  t h e  maximum depth 
(FWHM),  a n d  asymmetry f o r  each o f  these 10  f e a t u r e s  are  t h e n  
de termined  and t a b u l a t e d .  
A f a s t ,  simple approach  was chosen  t o  f i t  t h e  cont inuum.  
F i r s t ,  high p o i n t s  o f  t h e  spectrum are de te rmined  u s i n g  magnitude 
and s l o p e  c r i t e r i a .  The magnitude o f  t h e  r e f l e c t a n c e  v a l u e  o f  a 
h i g h  p o i n t  must be larger t h a n  t h e  average r e f l e c t a n c e  on e i ther  
s ide.  The e x a c t  number o f  p o i n t s  u s e d  i n  t h e  average i s  
de te rmined  by u s i n g  a p e r c e n t a g e  o f  t h e  t o t a l  number of channe l s .  
The a v e r a g i n g  p r o c e d u r e  a ids  i n  t h e  d e t e c t i o n  o f  band  s h o u l d e r s .  
I n  a d d i t i o n ,  t h e  s l o p e  t o  t he  l e f t  o f  t h e  h igh  p o i n t  must be 
p o s i t i v e  and t h e  s l o p e  on t h e  r i g h t  must be n e g a t i v e .  Once t h e  
high p o i n t s  are  l o c a t e d ,  s t r a i g h t  l i n e  segments are drawn between 
them. f h e n  f o r  eve ry  p o i n t  i n  t h e  spectrum the  a c t u a l  r e f l e c t a n c e  
and  t h e  l i n e  segment r e f l e c t a n c e  are compared. The r e f l e c t a n c e  
v a l u e  o f  t h e  continuum a t  any given p o i n t  i s  d e f i n e d  as the  larger 
of t h e s e  two v a l u e s  ( F i g u r e  1, Table 1 ) .  The a d v a n t a g e  of  t h i s  
simple approach is t h a t  o n l y  a s i n g l e  pass through t h e  spectrum i s  
r e q u i r e d  t o  c h a r a c t e r i z e  t h e  continuum. 
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F i g u r e  1. L a b o r a t o r y  s p e c t r u m  of k a o l i n i t e  showing f i t t e d  
continuum, and  cont innuum removed spec t rum.  ( L a b  
spectrum from t h e  USGS, Denver spectral  l i b r a r y ) .  
ABSORPTION BAND A N A L Y S I S  FOR KAOLINITE LAB SPECTRUM 
Band 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
O r d e r  
1 I1 
112 
212 
1 I1 
112 
212 
1 I1 
111 
1 I1 
1 I1 
W a v e  
1.3996 
2.2032 
2.1 640 
1.91 90 
2.3208 
2.3796 
1.8112 
0.9586 
1.2428 
0.8802 
0.3732 
0.31 84 
0.0895 
0.0627 
0.0542 
0.051 1 
0.0352 
0.01 30 
0.0189 
0.0588 
0.0000 
0.0686 
0.0392 
0.0294 
0.0490 
A s v m  
0.6170 
0.21 61 
0.0000 
1.2802 
0.0000 
1.1 634 
0.51 26 
0.2628 
10.3361 
1 .ai 01 
Table 1. Absorption band a n a l y s i s  f o r  k a o l i n i t e  lab spectrum. 
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Minima are  located u s i n g  t he  i n v e r s e  of t h e  c r i t e r i a  f o r  
d e t e r m i n i n g  maxima. Given a minimum d e p t h  t h r e s h o l d ,  t h e  10 
f e a t u r e s  w i t h  t h e  greatest  depths  are de te rmined .  For  each o f  
these 1 0  f e a t u r e s ,  t h e  wavelength p o s i t i o n  of t h e  minimum i s  
de te rmined  as w e l l  a s  t h e  FWHM ( F i g u r e  2). I f  more t h a n  o n e  
minima l i e s  between t w o  h i g h  p o i n t s  t h e n  t h e  ban'd i s  d e f i n e d  as  
be ing  a m u l t i p l e  band; Band "order" hd ica t e s  t h e  n u ~ h e r  of baEds 
i n  t h e  m u l t i p l e  band and t h e  r e l a t i v e  dep th  of t h e  band compared 
w i t h  t-he o the r  members r\f the m u l t i p l e  band. The asymmetry is 
d e f i n e d  as t h e  sum of  t h e  r e f l e c t a n c e  v a l u e s  f o r  f e a t u r e  channe l s  
t o  t h e  r i g h t  of t h e  minimum div ided  by t h e  sum of t h e  r e f l e c t a n c e  
v a l u e s  fo r  f e a t u r e  channe l s  t o  t h e  l e f t .  Symmetrical  bands have 
an  asymmetry v a l u e  of one.  Bands t h a t  are  asymmetr ica l  towards 
shorter wavelengths have asymmetry less t h a n  one, wh i l e  bands t h a t  
are asymmetr ical  towards longe r  wavelengths have asymmetry greater 
t h a n  one. 
EXAMPLES FROM NEVADA A V I R I S  AND GERIS 
T h e  continuum-removal and f e a t u r e  e x t r a c t i o n  p r o c e d u r e s  were 
u s e d  t o  a n a l y z e  i n d i v i d u a l  spectra from AVIRIS data f o r  a s i t e  i n  
t h e  n o r t h e r n  Grapevine  Mountains, Nevada. Al though these da ta  
have severe s i g n a l - t o - n o i s e  problems,  t h e  f e a t u r e  e x t r a c t  i o n  
p r o c e d u r e s  s u c c e s s f u l l y  produced continuum-removed s p e c t r a  t h a t  
c o u l d  be compared t o  l a b o r a t o r y  spectra.  Many of t h e  f e a t u r e s  
l o c a t e d  i n  t h e  AVIRIS d a t a  a r e  n o i s e ,  however,  t h e  s t r o n g e s t  
a b s o r p t i o n  bands  c o r r e s p o n d  t o  bands  i n  t h e  l a b o r a t o r y  s p e c t r a .  
F i g u r e s  3 and  4 show AVIRIS s p e c t r a  f o r  known areas of se r ic i te  
( f i n e  g r a i n e d  muscovite) and dolomite (Kruse, 1988a) .  
T h e  f e a t u r e  e x t r a c t i o n  a l g o r i t h m s  were a l s o  t e s t e d  on 
Geophys ica l  and  Envi ronmenta l  Research I n c .  64  c h a n n e l  imaging  
s p e c t r o m e t e r  (GERIS) data from C u p r i t e ,  Nevada. This  i n s t r u m e n t  
i s  t h e  f i rs t  commercial imaging s p e c t r o m e t e r .  T h e  GERIS c o l l e c t s  
data  from 0 . 4 3  t o  2 .5  p m  i n  64 channels  o f  v a r y i n g  wid th .  The 2 4  
v i s i b l e  and i n f r a r e d  bands between 0 . 4 3  and 0 .972  are 23 nm wide, 
t h e  8 bands  i n  t he  i n f r a r e d  between 1 .08  and  1 . 8  pm are  120 nm 
wide, and  the 31 bands from 1 . 9 9  t o  2.5 pm are  1 6  nm w i d e  ( W i l l i a m  
C o l l i n s ,  w r i t t e n  communication, 1 9 8 8 ) .  Only t h e  l a s t  31 bands  
were used  i n  t h i s  s tudy .  The f e a t u r e  e x t r a c t i o n  procedures  were 
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Continuum Removed - KAOLINITE LAE SPECTRUM 
I I 1 I I I I I I 1 1 I I 1 I I I 1 I 
band order Wave Depth FWHM A S P  
1 1/2 2.2032 0.3759 0.0784 0.2063 
2 2/2 2.1640 0.3238 0.0000 0.0000 
ABSowT1oN BAND 3 1/2 2.3796 0.0766 0.1176 0.1630 
4 2/2 2.3208 0.0741 0.0000 0.0000 
DEPTH 
Y -- 
L .  I 
w 2.379
2.320 
12 DEPTH 
POSITION 
I I I I I I 1 I I I I I I I I I I I I 
1.90 2.02 2.14 2.26 2.38 2.50 
WAVELENGTH (krn) 
F i g u r e  2 Laboratory spectrum of k a o l i n i t e  showing t h e  a b s o r p t i o n  
band parameters p o s i t i o n ,  depth,  and wid th .  (Laboratory 
spectrum i s  from t h e  USGS, Denver spectral  l i b r a r y . )  
66 
F i g u r e  3 .  
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R a w  and continuum-removed AVIRIS spectra  f o r  s e r i c i t e  
(muscov i t e )  from t h e  n o r t h e r n  Grapev ine  Mountains ,  
Nevada, compared  t o  a l a b o r a t o r y  s p e c t r u m  o f  
muscov i t e .  (Labora to ry  spec t rum i s  from t h e  USGS,  
Denver s p e c t r a l  l i b r a r y . )  
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F i g u r e  4 .  R a w  and continuum-removed AVIRIS s p e c t r a  f o r  d o l o m i t e  
f rom t h e  n o r t h e r n  G r a p e v i n e  M o u n t a i n s ,  Nevada, 
compared t o  a l a b o r a t o r y  s p e c t r u m  o f  d o l o m i t e .  
(Laboratory spectrum i s  from the USGS,  Denver spectral 
l i b r a r y .  ) 
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used  t o  e x t r a c t  a b s o r p t i o n  band characterist ics d i r e c t l y  from t h e  
image data .  Comparison o f  t h e  continuum-removed GERIS spectra 
w i t h  l a b o r a t o r y  spectra was used t o  i d e n t i f y  k a o l i n i t e ,  a l u n i t e ,  
and  b u d d i n g t o n i t e .  A n  example o f  a n  a l u n i t e  spec t rum e x t r a c t e d  
from the  GERIS data  i s  shown i n  F i g u r e  5 w i t h  a l a b o r a t o r y  
spec t rum o f  a l u n i t e  f o r  comparison. Comparison of t h e  t a b u l a t e d  
a b s o r p t i o n  band characteristics a r e  shown i n  Table 2 .  
EXPERT SYSTEM 
The s e c o n d  s tage o f  t h i s  research u s e s  f a c t s  and  r u l e s  
derived from the  automated a n a l y s i s  of  l a b o r a t o r y  measurements o f  
selected m i n e r a l s  t o  d e f i n e  a knowledge base t h a t  c a n  be applied 
t o  a n a l y s i s  o f  r e f l e c t a n c e  s p e c t r a  (Kruse,  1 9 8 8 b ) .  The f i v e  
parameters der ived u s i n g  t h e  f e a t u r e  e x t r a c t i o n  p r o c e d u r e  were 
used  t o  der ive t h e  f a c t s  and r u l e s  u t i l i z e d  i n  t h e  e x p e r t  s y s t e m .  
T h e  knowledge b a s e / e x p e r t  system approach  w a s  chosen  t o  minimize 
a n a l y s i s  t i m e  (Yamaguchi and Lyon, 1987; G o e t t i n g  and Lyon, 1987) .  
O t h e r  p r o c e d u r e s  u n d e r  development  ( C l a r k  a n d  o t h e r s ,  1987)  
p r o p o s e  u s e  o f  spectral  l i b r a r y  o r  f e a t u r e  l i b r a r y  s e a r c h i n g  t o  
d e t e r m i n e  a best match f o r  a g i v e n  spec t rum.  A n a l y s i s  t i m e  
r e q u i r e d  i s  p r o p o r t i o n a l  t o  t h e  s i z e  o f  t h e  l i b r a r y  t o  be 
searched. The e x p e r t  system approach reduces  t h e  a n a l y s i s  t i m e  by 
u s i n g  a t r e e  h i e r a r c h y  ( F i g u r e  6 ) .  We are  u s i n g  t h e  PROLOG 
programming language (Qu in tus  Computer Systems, 1987) t o  implement 
t h e  fac t s  and  r u l e s  i n  a l o g i c a l  f a s h i o n  s i m i l a r  t o  t h e  d e c i s i o n  
p r o c e s s  fo l lowed by an experienced a n a l y s t .  A d e c i s i o n  is  made a t  
e a c h  level  o f  t h e  t ree  based  on f a c t s  and  r u l e s  derived t h r o u g h  
p r i o r  a n a l y s i s  o f  t h e  s p e c t r a l  l i b r a r y .  C r i t i c a l  a b s o r p t i o n  band 
character is t ics  f o r  a g iven  minera l  are d e f i n e d  u s i n g  t h e  f e a t u r e  
e x t r a c t i o n  p r o c e d u r e .  F a c t s  and  r u l e s  are w r i t t e n  f o r  each 
m i n e r a l  o r  g r o u p  o f  m i n e r a l s  i n  t h e  database. The spec t r a l  
l i b r a r y  i t s e l f  i s  n e v e r  accessed d u r i n g  t h e  a n a l y s i s  o f  a 
spectrum. 
1 
The d e c i s i o n  p r o c e s s  f o l l o w e d  by  t h e  compute r  i s  
d e s i g n e d  t o  emula t e  t h e  l o g i c a l  s t e p s  fo l lowed  by a n  e x p e r i e n c e d  
a n a l y s t .  The s t r o n g e s t  a b s o r p t i o n  f e a t u r e  f o r  a g i v e n  spec t rum 
( o r  p i x e l )  is  determined, and t h e  spectrum i s  b road ly  c lass i f ied  
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F igu re  5 .  Comparison of GERIS and l a b o r a t o r y  spectra of a l u n i t e .  
ABSORPTION BAND ANALYSIS for 
ALUNITE GERIS AIRCRAFT SPECTRUM 
Band Position Order DeDth Width Asvmetry 
1 112 2.1697 0.1855 0.1314 0.5337 
2 212 2.0711 0.0712 0.0000 0.0000 
3 111 2.4161 0.0451 0.0657 0.7278 
4 111 2.3340 0.0325 0.0657 0.7756 
ABSORPTION BAND ANALYSIS for ALUNITE LAB SPECTRUM 
Band Order Position Widlh Asvmetry 
1 111 2.1640 0.7057 0.1078 1.1114 
2 1/1 2.3208 0.3422 0.0392 0.9432 
3 1/1 2.4188 0.3074 0.0686 0.4155 
4 111 2.0562 0.0278 0.0392 5.6839 
Table 2 .  Comparison o f  a b s o r p t i o n  band p a r a m e t e r s  f o r  GERIS and  
' l a b o r a t o r y  s p e c t r a  of  a l u n i t e .  
SPECTROMETER DATA 
2ND DECISION 
NH4 MINERALS FE OXIDES %JYS 
I 
2*2 I 2.12 .85-.95 2.3 1 .o 2.4 
SULFATES MICAS & KAOLINITES MONTMORILLONITES PYROPHYILLITE 
2.16 
2.08 
MWDIAYER 2*31 
2.2012.16 2.20-2.21 
ALUNITE 
2.20 
SOME ILLITE 
CHARACTERISTICS 
2.16 
1.74 
2.42 
2.21 
ILLITE 
\ 
MUSCOVITE 
F i g u r e  6 .  P r o t o t y p e  e x p e r t  s y s t e m  d e c i s i o n  t ree .  
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(eg. c l a y ,  ca rbona te ,  i r o n  o x i d e ) .  Pr imary  band charac te r i s t ics  
(eg. doub le t ,  t r i p l e t )  and s e c o n d a r y / t e r t i a r y  a b s o r p t i o n  bands are 
u s e d  t o  p r o g r e s s  t h r o u g h  t h e  t r e e  s t r u c t u r e  u n t i l  a n  
i d e n t i f i c a t i o n  i s  made. I f  t h e  d e c i s i o n  p r o c e s s  f a i l s  b e c a u s e  
there is  i n s u f f i c i e n t  i n f o r m a t i o n  t o  i d e n t i f y  a specif ic  m i n e r a l ,  
t h e n  t h e  l a s t  c l a s s i f i c a t i o n  i s  u s e d  t o  give t h e  best  answer 
p o s s i b l e .  A comparison o f  two continuum-removed spectra and  and 
example o f  t h e  d e c i s i o n  p r o c e s s  i s  shown i n  F i g u r e s  7 and Table 3 
and F i g u r e  8. 
CONCLUSIONS 
An a b s o r p t i o n  f e a t u r e  e x t r a c t i o n  p r o c e d u r e  a n d  p r o t o t y p e  
e x p e r t  sys tem have been deve loped  t h a t  a l l o w  rapid a n a l y s i s  o f  
r e f l e c t a n c e  spectra and  i d e n t i f i c a t i o n  o f  m i n e r a l s .  Numer ica l  
p r o c e s s i n g  of t h e  s p e c t r a l  data  i s  o p t i m i z e d  i n  FORTRAN and  C.  
L o g i c a l  d e c i s i o n s  based on f a c t s  and r u l e s  derived from a n a l y s i s  
of l a b o r a t o r y  s p e c t r a  are implemented i n  PROLOG. T h e  combina t ion  
of t h e  numer ica l  and l o g i c a l  p r o c e s s i n g  r o u t i n e s  t akes  advan tage  
of t h e  i n h e r e n t  s t r e n g t h s  o f  t he  a s s o c i a t e d  computer l anguages  t o  
e f f i c i e n t l y  a n a l y z e  t h e  data .  The f e a t u r e  e x t r a c t i o n  t e c h n i q u e s  
and  e x p e r t  sys tem have been  s u c c e s s f u l l y  tes ted on l a b o r a t o r y ,  
f i e ld ,  and imaging spec t romete r  data.  A d d i t i o n a l  m i n e r a l s  need t o  
be added t o  t he  database, and f ac t s  and r u l e s  must be r e f i n e d  t o  
f u l l y  u t i l i z e  t h e  e x p e r t  s y s t e m  f o r  m i n e r a l  i d e n t i f i c a t i o n .  
F u t u r e  e f f o r t s  w i l l  c o n c e n t r a t e  on i n t e g r a t i n g  t h e  knowledge base 
i n t o  an  image p r o c e s s i n g  environment f o r  a n a l y s i s  o f  e n t i r e  AVIRIS 
and GERIS images. 
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Example : kao l in i t e  v s .  a l u n i t e .  
1st Decis ion  - prede te rmined  t o  be "ROCK" 
2nd Decis ion  ( rock  level ) 
i f  it has a deep band i n  2.15-2.22 pm r e g i o n  
then l o o k  f o r  i n  r r c l ay r r  species. 
3rd Dec i s ion  ( r r c l a y r r  species ) 
if it has a doublet n e a r  2 .2  pm 
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and weakes t  band  of t h e  doublet i s  n e a r  2 .16 
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if it h a s  a s i n g l e  band  n e a r  2 .2  pm 
and a weaker  band  n e a r  2.32 pm 
and a weaker  band  n e a r  2.42 pm 
then it  i s  a l u n i t e .  
Figure 8. Example of decision process for discriminating 
kaolinite from alunite. 
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